Bedi SS, Cai D, Glanzman DL. Effects of axotomy on cultured sensory neurons of Aplysia: long-term injury-induced changes in excitability and morphology are mediated by different signaling pathways. J Neurophysiol 100: 3209 -3224, 2008. First published October 8, 2008 doi:10.1152/jn.90539.2008. To facilitate an understanding of injury-induced changes within the nervous system, we used a single-cell, in vitro model of axonal injury. Sensory neurons were individually dissociated from the CNS of Aplysia and placed into cell culture. The major neurite of some neurons was then transected (axotomized neurons). Axotomy in hemolymph-containing culture medium produced long-term hyperexcitability (LTH-E) and enhanced neuritic sprouting (long-term hypermorphogenesis [LTH-M]). Axotomy in the absence of hemolymph induced LTH-E, but not LTH-M. Hemolymph-derived growth factors may activate tyrosine receptor kinase (Trk) receptors in sensory neurons. To examine this possibility, we treated uninjured (control) and axotomized sensory neurons with K252a, an inhibitor of Trk receptor activity. K252a depressed the excitability of both axotomized and control neurons. K252a also produced a distinct pattern of arborizing outgrowth of neurites in both axotomized and control neurons. Protein kinase C (PKC) is an intracellular signal downstream of Trk; accordingly, we tested the effects of bisindolylmaleimide I (Bis-I), a specific inhibitor of PKC, on the axotomy-induced cellular changes. Bis-I blocked LTH-E, but did not disrupt LTH-M. Finally, because Trk activates the extracellular signal regulated kinase pathway in Aplysia sensory neurons, we examined whether this pathway mediates the injury-induced changes. Sensory neurons were axotomized in the presence of U0126, an inhibitor of mitogen-activated/extracellular receptor-regulated kinase. U0126 blocked the LTH-M due to axotomy, but did not impair LTH-E. Therefore distinct cellular signaling pathways mediate the induction of LTH-E and LTH-M in the sensory neurons.
I N T R O D U C T I O N
The responses triggered in a neuron by injury depend on intrinsic signals, i.e., signals originating within the injured neuron, and extrinsic signals, i.e., signals derived from the cellular and molecular microenvironment of the injured neuron (Goldberg and Barres 2000) . One potential response of neurons to axonal injury is axonal regeneration. Axons in the CNS of higher invertebrates, unlike those in the mammalian CNS (Raff et al. 2002; Schwab 2002) , can regenerate after axotomy (Bittner 1991) . Axons of central sensory neurons in the marine snail Aplysia exhibit extensive sprouting (hypermorphogenesis) after transection, both in the CNS (Steffensen et al. 1995) and in dissociated cell culture (Bedi and Glanzman 2001; Bedi et al. 1998) . Axotomy-induced hypermorphogenesis of Aplysia sensory neurons depends on activation of the cAMP/protein kinase A (PKA) pathway (Bedi et al. 1998) . As well as hypermorphogenesis, axotomy triggers hyperexcitability in sensory neurons (Ambron et al. 1996; Bedi et al. 1998; Gunstream et al. 1995; Ungless et al. 2002; Walters et al. 1991) . Although PKA activation is necessary for the expression of long-term hyperexcitability (LTH-E) in axotomized sensory neurons (Bedi et al. 1998; Liao et al. 1999) , the induction of LTH-E appears to depend on other protein kinases as well, particularly protein kinase G (PKG; Lewin and Walters 1999; . Protein kinase C (PKC) has also been implicated in LTH-E in Aplysia sensory neurons (Manseau et al. 1998) , but the precise role of PKC in injury-related changes is currently unknown.
Mitogen-activated protein kinase (MAPK), which is downstream from PKG in Aplysia sensory neurons, may also play a critical role in LTH-E. Intrasomatic injection of vertebrate extracellular signal-regulated kinase 1 (ERK1) into Aplysia sensory neurons induces LTH-E (Sung et al. 2001 ). Furthermore, endogenous MAPK is activated by crushing nerves that contain the axons of sensory neurons and Aplysia MAPK is a target of PKG . Until now, work on the role of ERK/MAPK signaling in injury-induced changes in Aplysia sensory neurons has used sensory neurons in vivo. This work has involved nerve crush, in which the axons not only of sensory neurons, but also of other neurons, have been damaged. Using this protocol it is difficult to assess whether ERK activation after nerve injury is induced by signals intrinsic to the sensory neurons or, rather, by extrinsic modulatory factors released from injured nonsensory neurons (or from nonneuronal cells). We have used an in vitro, single-cell model of axonal injury (Ambron et al. 1996; Bedi et al. 1998) to study the role of ERK, as well as other kinases, in injury-induced changes in sensory neurons. This model permits rigorous dissection of the contribution of intrinsic and extrinsic signals to long-term changes caused by axotomy. Here, we have examined the potential roles of ERK, Trk, and PKC in both LTH-E and LTH-M. We find that the roles of these kinases in injuryinduced electrophysiological changes in sensory neurons differ from their roles in injury-induced morphological changes. Some of our results have been previously published in abstract form (Bedi and Glanzman 2002) .
M E T H O D S

Animals
Adult Aplysia californica (75-125 g) were obtained from local suppliers (Alacrity Marine, Redondo Beach, CA; and M-REP, Escondido, CA). Animals were housed in a 50-gal aquarium filled with cooled (14°C) aerated artificial seawater (ASW; Instant Ocean, Aquarium Systems, Mentor, OH). All animals were housed for Ն24 h before being used for cell culturing.
Cell cultures
Mechanosensory neurons of Aplysia were individually dissociated from pleural ganglia and placed into dissociated cell culture as described previously (Bedi and Glanzman 2001; Bedi et al. 1998 ). The cultures contained only isolated sensory neurons; they did not contain either interneurons or glia. After the neurons were cultured, the culture dishes were placed into a cell culture incubator (Model No. 3920; Thermo Forma, Marietta, OH) , which was kept at 18°C. All cultures were 2 days old at the start of the experiments. Therefore on experimental Day 1 the neurons had been in culture for 48 h.
Electrophysiology and assessment of morphology
All experiments were performed at room temperature (20 -22°C) . Before the start of the experimental session on Day 1 the hemolymphcontaining culture medium (Schacher and Proshansky 1983) was replaced with perfusion medium (50% sterile ASW/50% Liebowitz-15 [L-15; Sigma, St. Louis, MO]) plus appropriate salts. The perfusion medium was perfused through the culture dishes at 0.4 ml/min beginning 30 min prior to, and continuing throughout, electrophysiological and morphological assessments. The purpose of the extensive perfusion prior to the onset of the experiments was to eliminate, as far as possible, the effects of hemolymph and its soluble factors. Electrophysiological and morphological measurements were made on the same neurons. The excitability of the sensory neurons was assessed by injecting a 2-s pulse of positive current into the neurons using a sharp electrode (15-30 M⍀) . Two levels of current, 1 and 2 nA, were used. All of the reported results were for the tests with 2 nA. (The results for 1 nA of current were substantially similar.) Spike threshold was determined by injecting 30-ms pulses of positive current of increasing magnitude into the neurons. In addition, the branches on the neurites of each neuron were counted and the length of the major neurite (axonal length) was measured. Axonal length was determined to be the length of the major neurite measured from the point at which the neurite arose from the cell body to the end of the neurite's longest branch (see Bedi and Glanzman 2001 for additional information regarding the methods used for electrophysiological and morphological assessment). Following electrophysiological and morphological assessment on Day 1 of the experiment some of the neurons in each culture dish were axotomized with a glass microelectrode (Axotomized neurons). After the axon was transected, the distal segment of the Axotomized neuron was removed. Other sensory neurons in the culture dish were left intact (Control neurons). The ASW/L-15 perfusion medium in the cell culture dishes was then replaced with hemolymph-containing culture medium in some of the experiments; in other experiments the cell cultures were left in the perfusion medium. Afterward all culture dishes were returned to the 18°C incubator; 24 h later the electrophysiological properties and morphology of the Axotomized and Control neurons were reassessed. In addition, we also measured the spike threshold, membrane potential, membrane resistance, and axonal length of the neurons. Results of these measurements are presented in Tables 1-5. Values are means Ϯ SE for spike threshold (measured with a 30-ms pulse of depolarizing current), resting membrane potential, and membrane resistance (measured with a 0.1-nA, 30-ms hyperpolarizing pulse). Axotomy produced a significant decrease in spike threshold. There were no other significant electrophysiological or morphological changes in the two groups of neurons over the 24 h of the experiments. Significances of the electrophysiological and morphological changes in this and the following tables were assessed with paired t-tests. NS, not significant. See legend of Table 1 for details regarding this and subsequent tables. Axotomy with K252a (only the data for the 200 nM experiments are shown) present in the bath produced a significant increase in spike threshold. There were no significant changes in either membrane potential or membrane resistance for the two groups. Although there no significant changes in axonal length in Control neurons, Axotomized neurons exhibited a significant decrease in axonal length.
Note that factors such as the time of year and the state of the animals from which the sensory neurons are dissociated can also influence the excitability of the neurons. In particular, during the late summer wild Aplysia in the Pacific Ocean become reproductively mature prior to dying. Neurons dissociated from such animals tend to be hypoexcitable. Therefore we did not use animals caught in the wild during late summer, nor did we use hemolymph from such animals for cell culture medium.
Application of kinase inhibitors
In some experiments cultured sensory neurons were treated with the protein kinase inhibitor K252a (Calbiochem, San Diego, CA) on Day 1 of the experiments. The inhibitor was initially dissolved in 18 M⍀ water (DH 2 O) and then added to ASW/L-15 perfusion medium. The K252a was perfused into cell culture dishes 30 min prior to the time at which some neurons were axotomized. (Note that the K252a-treated culture dishes also contained Control neurons that were left unaxotomized.) Then the perfusion was stopped, some of the cells were axotomized, and the K252a (200 and 50 nM) was left in the culture dishes for an additional 2.5 h. At the end of this incubation period the inhibitor was washed out of the dishes with hemolymph-containing cell culture medium and the dishes were returned to the 18°C incubator until electrophysiological and morphological reassessment the next day (experimental Day 2). In a second experiment using the K252a, the drug was perfused into the culture dishes 10 min after axotomy; the drug was then left in the dishes for another 2.5 h. At the end of this period the inhibitor was washed out of the dishes with hemolymph-containing cell culture medium and the dishes were returned to the incubator. Otherwise, the experimental protocol was identical to that in the experiments in which K252a was applied before axotomy.
Bisindolymaleimide I (Bis-I; Calbiochem, San Diego, CA), a specific PKC inhibitor, was initially made up as a 5 mM solution in 100% dimethylsulfoxide (DMSO) and then further diluted in DH 2 O into a stock solution containing 20 M of Bis-I in 0.4% DMSO. For the experiments 0.1 ml of the stock solution was added to 10 ml perfusion medium (50% L-15/50% ASW), yielding a solution that contained 200 nM Bis-I in 0.004% DMSO.
The MEK inhibitor U0126 (Cell Signaling, Beverly, MA) drug was dissolved in perfusion medium containing 0.1% DMSO and perfused into cell culture dishes.
Statistics
Within-group statistical comparisons (Day 1 vs. Day 2) were made using paired t-test. Between-group comparisons were made using a nonparametric test (Mann-Whitney U test) due to significant inhomogeneity in the group variance, as assessed with Bartlett's tests (Bedi and Glanzman 2001; Bedi et al. 1998 ). All reported levels of statistical significance represent two-tailed values unless otherwise indicated.
As in our previous studies, we observed that both Control and Axotomized neurons can exhibit significant changes in excitability and morphology from Day 1 to Day 2. Some of these changes, particularly those in the Control neurons, appear to be due not to acute axotomy in vitro but, rather, to the axotomy that occurred during the original dissociation of the neurons from the CNS (see the DISCUSSION and also Bedi et al. 1998 ). Therefore to statistically separate the effects of acute axotomy from the ongoing effects of axotomy during original dissociation, we compare the amount of change from Day 1 to Day 2 in the Control and experimental groups (the Day 2 Ϫ Day 1 score).
R E S U L T S
Axotomy in the absence of hemolymph causes LTH-E but not LTH-M in sensory neurons in vitro
The ERK/MAPK signaling pathway can be activated in vertebrate neurons by the binding of neurotrophins with their postsynaptic receptors (Chao 2003) . Aplysia hemolymph con- There were significant decreases in spike threshold in both Control and Axotomized neurons. We have occasionally observed a modest, albeit significant, long-term increase in the excitability of Control neurons in our previous studies (Bedi and Glanzman 2001, and RESULTS; Bedi et al. 1998) . No other significant electrophysiological changes were observed in the present experiments with U0126. There was also a significant increase in axonal length in the Control, but not in the Axotomized, sensory neurons. There was a significant decrease in spike threshold for Axotomized, but not Control, neurons. There were no significant changes in either membrane potential or membrane resistance in the experiments. Both Control and Axotomized neurons exhibited significant increases in axonal length.
tains as yet unidentified growth factors required for the survival and neuritic outgrowth of the sensory neurons in dissociated cell culture (Schacher and Proshansky 1983) . In our previous studies of the long-term effects of axotomy (Bedi and Glanzman 2001; Bedi et al. 1998 ) sensory neurons were placed into hemolymph-containing cell culture medium immediately after dissociation and remained in this medium for 2 days prior to the start of the experiments. Following electrophysiological and morphological assessment on Day 1 of the experimentsafter which some of the neurons were axotomized-the neurons were returned to hemolymph-containing culture medium; they remained in the hemolymph for 24 h until electrophysiological and morphological reassessment on Day 2. This raises the question of the extent to which hemolymph-derived growth factors are critical to LTH-E and LTH-M. Based on the results from experiments using isolated sensory neurons in dissociated cell culture, Ambron et al. (1996) reported that hemolymph is not required for the induction of LTH-E. We sought to confirm this finding and also compare axotomy-induced LTH-E to LTH-M with respect to the requirement for hemolymph-derived growth factors.
Sensory neurons in dissociated cell culture were axotomized in defined culture medium that did not contain hemolymph and then left for 24 h in hemolymph-free medium (METHODS). Despite the ostensible absence of hemolymph (DISCUSSION), axotomy produced LTH-E in sensory neurons (Fig. 1A) . The mean number of spikes elicited by a 2-s depolarizing current pulse in Axotomized neurons was 4.6 Ϯ 0.8 on Day 1 and 15.9 Ϯ 4.1 on Day 2 (n ϭ 10, P Ͻ 0.03). Control (unaxotomized) neurons did not exhibit a significant increase in excitability from Day 1 to Day 2. The number of spikes elicited in the Control neurons was 7.3 Ϯ 1.6 on Day 1 and 8.0 Ϯ 3.1 on Day 2 (n ϭ 8, NS). [The difference in the number of spikes elicited by the current pulse on Day 1 in Axotomized and Control neurons was not significant (P Ͼ 0.2).] We statistically compared the change in excitability in the Control and Axotomized groups by determining an excitability difference score (the mean of the [Day 2 Ϫ Day 1] difference in number of There were significant decreases in spike threshold and in membrane potential, as well as a significant increase in membrane resistance, in the Axotomized group. Also, there were significant increases in axonal length in both groups. spikes). The excitability difference score (⌬ e ) was 11.3 Ϯ 4.4 spikes for the Axotomized group, which was significantly greater than that of the Control group (0.8 Ϯ 1.9 spikes, P Ͻ 0.04; Fig. 1C ). These results indicate that hemolymph is not required for axotomy-induced LTH-E in sensory neurons and thus confirm the results of Ambron et al. (1996) . In addition to measuring neuronal excitability, we also measured the spike threshold, membrane potential, and membrane resistance of the neurons. (The results from these measurements for this and other experiments in our study are presented in Tables 1-5.) We found that spike threshold decreased significantly in the Axotomized neurons, but not in the Control neurons. There were no significant changes in either membrane potential or membrane resistance ( Table 1 ). Note that the lack of an increase in the input resistance of the Axotomized neurons permits us to rule out a trivial potential explanation for the increase in excitability in this group, i.e., that it was due to a decrease in the cell surface, resulting in an increase in applied current density and hence greater effectiveness of the test stimuli.
In contrast to axotomy-induced LTH-E, LTH-M did require hemolymph-derived growth factors. In previous experimentsduring which hemolymph was present in the cell culture medium-we observed that, whereas there was an increase in the number of neuritic branches over the two experimental days in both Axotomized and Control neurons, the structural change was significantly greater in Axotomized neurons (Bedi and Glanzman 2001; Bedi et al. 1998) . [See also the data from the experiments Axotomized and Control neurons in DMSOcontaining medium (Fig. 9 ).] With hemolymph ostensibly absent from the culture medium, however, we did not observe a significant difference between the Axotomized and Control neuron with respect to their structural changes (Fig. 2, A and  B) . The mean number of neuritic branches in Control neurons was 3.0 Ϯ 1.3 on Day 1 and 7.9 Ϯ 2.6 on Day 2, a nonsignificant change (P Ͼ 0.08). The mean number of neuritic branches in Axotomized neurons significantly increased from Day 1 (3.3 Ϯ 0.6) to Day 2 (9.2 Ϯ 1.5; P Ͼ 0.03). However, the mean change in number of neuritic branches from Day 1 to Day 2 (morphological difference score [⌬ m ]) for the Axotomized neurons (5.9 Ϯ 1.4) was not statistically different from the ⌬ m for the Control neurons (4.9 Ϯ 2.4, P Ͼ 0.3; Fig. 2C ).
We also examined a second morphological parameter: the length of the major neurite of each sensory neuron (axonal Tables 1-5) ; however, results from the measures of branch number and axonal length were sufficiently different to suggest that the two measures reflected different underlying cellular processes (DISCUSSION).
K252a inhibits the excitability of sensory neurons and also triggers sprouting
The above-cited results suggest that hemolymph-derived growth factors mediate the axotomy-induced long-term morphological changes in Aplysia sensory neurons. One class of growth factors, neurotrophins, has diverse actions on neurons, including effects on cell survival, neuritic outgrowth, and synaptic transmission (Segal and Greenberg 1996) . The effects of neurotrophins are mediated by transmembrane-receptor signaling molecules, particularly Trk receptors (Chao 2003) . It has been previously shown that inhibition of Trk decreases the baseline excitability of sensory neurons and also blocks the short-term hyperexcitability of sensory neurons due to application of serotonin (5-HT), an endogenous neuromodulatory transmitter (Purcell and Carew 2001) . To determine whether Trk receptors might be involved in the long-term effects of injury on in vitro sensory neurons, we used K252a, a potent and relatively specific inhibitor of Trk activity (Angeles et al. 1998; Berg et al. 1992; Watson et al. 2001 ; but see Kase et al. 1987) . K252a has been reported to block activation of the identified endogenous receptor tyrosine kinase ApTrkl within Aplysia sensory neurons (Ormond et al. 2004 ).
Culture medium containing K252a (200 nM) was perfused into a culture dish 30 min before some of the cells in a culture dish were to be axotomized and then left in the dish for another 2.5 h; afterward the K252a-containing medium was washed out and replaced with cell culture medium containing hemolymph (METHODS). K252a had striking effects on both the electrophysiological and morphological properties of in vitro sensory neurons. First, in the presence of K252a axotomy did not induce the usual hyperexcitability in sensory neurons (Fig. 3, A  and B) . Indeed, the number of elicited spikes significantly decreased from Day 1 to Day 2 in both the Axotomized and Control neurons with K252a treatment. The number of spikes elicited in Control neurons was 7.5 Ϯ 2.1 on Day 1 and 3.1 Ϯ 0.4 on Day 2 (n ϭ 9, P Ͻ 0.05). The number of spikes elicited in the Axotomized group was 5.7 Ϯ 1.3 on Day 1 and 2.7 Ϯ 0.7 on Day 2 (n ϭ 7, P Ͻ 0.01). Injury did not appear to alter the decrease in excitability caused by K252a treatment: the ⌬ e for the excitability changes was Ϫ4.4 Ϯ 1.8 spikes in the Control group and Ϫ3.0 Ϯ 0.6 spikes in the Axotomized group (P Ͼ 0.9, Fig. 3C ).
To test whether the effects of K252a on axotomy-induced excitability were specific to the concentration of the drug that was used, we performed an additional experiment using a lower concentration of K252a (50 nM). Application of the drug at the lower concentration did not cause a significant change in the excitability of Control neurons, but still blocked axotomyinduced LTH-E in sensory neurons. The mean number of spikes evoked in Control neurons treated with 50 nM K252a was 3.2 Ϯ 0.8 on Day 1 and 4.7 Ϯ 1.9 on Day 2 (n ϭ 10, P Ͼ 0.2). The mean number of spikes evoked in Axotomized neurons was 3.9 Ϯ 0.8 on Day 1 and 4.2 Ϯ 0.6 on Day 2 (n ϭ 10, P Ͼ 0.7). The ⌬ e values for the two groups were not significantly different (P Ͼ 0.8; data not shown). The efficacy of K252a at the lower concentration supports the idea that axotomy-induced LTH-E depends on Trk activity.
In contrast to its depressive effect on neuronal excitability, K252a had a powerful stimulatory effect on neuritic outgrowth, as indicated by the increase in the number of branches on the neurites of the neurons. [Note that the increase in the number of branches can result either from de novo growth of new branches or from defasciculation of the major neurites of sensory neurons, which actually represent bundles of smaller processes (see Glanzman et al. 1989; Zhu et al. 1994 ). We did not attempt to distinguish between these two possibilities here (DISCUSSION) .] The number of branch points increased dramatically from Day 1 to Day 2 in both the Control and Axotomized sensory neurons (Fig. 4, A and B Axotomy did not produce enhanced sprouting/defasciculation of sensory neurites when carried out in the presence of K252a, in contrast to its effect in the absence of the drug Glanzman 1998, 2001 ). The ⌬ m was not significantly different for the Control and Axotomized groups when K252a was present in the culture dish (P Ͼ 0.5, Fig.  3C ). This result suggests that axotomy and K252a activate the same, or closely related, signaling pathways in Aplysia sensory neurons, the end effect of which is to stimulate axonal sprouting. The effect on neuronal morphology of applying K252a at a lower concentration (50 nM) was similar to that of the drug at the higher concentration. Specifically, there was a significant increase in the neuritic branching in the Control (15.5 Ϯ 3.0 on Day 1 and 31.1 Ϯ 3.8 on Day 2, P Ͻ 0.0001; n ϭ 10) and Axotomized (15.3 Ϯ 2.1 on Day 1 and 29.0 Ϯ 2.4 on Day 2, P Ͻ 0.0001; n ϭ 10) neurons. Again, there was no significant difference between the two groups with respect to their ⌬ m values (P Ͼ 0.6; data not shown). Interestingly, there was a significant decrease in axonal length following axotomy in K252a (200 nM; Table 2 ). There was no change in axonal length in the Control group. We address this apparent discrepancy in morphological measures in the DISCUSSION. We also tested whether inhibition of Trk shortly after, rather than prior to, injury would affect the electrophysiological and morphological properties of sensory neurons. K252a (200 nM) was perfused into the cell culture dishes 10 min after the axons of some of the neurons in the dish were severed. Control neurons in the same dishes were also exposed to K252a. The 10-min delay in the addition of K252a did not alter the effect of drug on axotomyinduced excitability; delayed treatment with K252a also blocked LTH-E. The mean number of spikes evoked in Control neurons on Day 1 was 3.4 Ϯ 0.8 and 2.9 Ϯ 0.7 on Day 2 (n ϭ 8, P Ͼ 0.5). Furthermore, the number of spikes evoked in the Axotomized group was 4.4 Ϯ 0.6 on Day 1 and 3.9 Ϯ 0.8 on Day 2 (n ϭ 9, P Ͼ 0.5; data not shown). Additionally, adding the K252a 10 min after axotomy did not change the stimulatory effect of the inhibitor on the morphology of sensory neurons. There was a significant increase in neuritic branching in both in Control (8.6 Ϯ 2.9 on Day 1 and 22.9 Ϯ 6.3 on Day 2, P Ͻ 0.03) and Axotomized (8.1 Ϯ 2.7 on Day 1 and 22.2 Ϯ 3.5 on Day 2, P Ͻ 0.002) neurons. However, the ⌬ m values for the two groups did not differ significantly (P Ͼ 0.5; data not shown).
Bisindolylmaleimide I, a PKC inhibitor, blocks LTH-E but not LTH-M
PKC has been critically implicated in long-term plasticity (electrophysiological and morphological) (Hu et al. 2007; Kabir et al. 2001; Manseau et al. 1998; Sutton et al. 2004 ), but its role in injury-related changes has been largely unexamined. To investigate the role of PKC in injury-induced changes Bis-I (200 nM) was perfused into a cell-culture dish 30 min before some of the sensory neurons were axotomized; after 2.5 h the drug was washed out of the dish using normal cell culture medium containing hemolymph. Bis-I, a specific inhibitor of PKC (Toullec et al. 1991) , has been shown to inhibit two isoforms of PKC in Aplysia, Apl I, the classical PKC isoform, and Apl II, the novel PKC isoform (Sossin 2007; and WS Sossin, personal communication) . In addition, Bis-I has been used previously to examine PKC-dependent morphological and electrophysiological changes in Aplysia neurons (Hu et al. 2007; Kabir et al. 2001; Sutton et al. 2004) . We observed that the excitability of Control neurons increased significantly from Day 1 to Day 2 (Fig. 5A) . The mean number of spikes elicited from Control neurons increased from 5.0 Ϯ 1.0 on Day 1 to 9.8 Ϯ 2.8 on Day 2 (n ϭ 13, P Ͻ 0.05). The enhancement of excitability in the unaxotomized Control neurons cannot be attributed to the presence of Bis-I; we have previously observed a significant increase in the excitability of Control neurons in some experiments (see, e.g., Fig. 1 of Bedi et al. 1998 ) in which they were exposed to culture medium alone. We believe this increase is due to the ongoing effects of axonal transection during dissociation of the sensory neurons from the pleural ganglion (also see Ambron et al. 1996) .
The excitability of Axotomized neurons increased significantly in the presence of Bis-I (Fig. 5B) . The mean number of spikes elicited from Axotomized neurons was 4.8 Ϯ 0.9 on Day 1 and 9.6 Ϯ 2.0 on Day 2 (n ϭ 17, P Ͻ 0.001). However, the difference between Control and Axotomized neurons with respect to the changes in excitability was not significantly different (⌬ e ϭ 4.8 Ϯ 2.2 spikes for the Control group vs. 4.9 Ϯ 1.7 spikes for the Axotomized group, P Ͼ 0.9; Fig. 5C ). Therefore inhibition of PKC blocks the axotomy-induced enhancement of sensory neuron excitability Glanzman 2001 and Fig. 8 in Bedi et al. 1998) .
In contrast to the effect of Bis-I on neuronal excitability, we observed no apparent effect of the PKC inhibitor on neuronal morphology in either Control or Axotomized sensory neurons. There was an increase in the number of branches on the neurites of the Control cells from Day 1 to Day 2 in the presence of Bis-I, although this increase was not quite statistically significant (8.7 Ϯ 2.0 on Day 1 vs. 16.2 Ϯ 4.3 on Day 2, n ϭ 13; P Ͼ 0.08; data not shown). Axotomized neurons did exhibit a significant structural change from Day 1 to Day 2 (4.8 Ϯ 0.9 on Day 1 vs. 14.8 Ϯ 2.1 on Day 2, n ϭ 17; P Ͻ 0.0002). However, as we have previously found in experiments in which only cell culture medium was present (Bedi and Glanzman 2001; Bedi et al. 1998 ), the ⌬ m was significantly greater in the Axotomized neurons than that in the control neurons (9.9 Ϯ 2.0 vs. 7.5 Ϯ 3.9; P Ͻ 0.05, one-tailed significance). In summary, PKC activity appears to be required for the enhancement of excitability in sensory neurons after injury, but does not seem to play a significant role in mediating the effects of injury on morphology.
MEK1/2 inhibitor U0126 does not affect LTH-E, but blocks axotomy-induced LTH-M
The ERK1/2 kinase pathway has been implicated in signaling mediated by neurotrophin-stimulated Trk receptor activation (Chao 2003) . To test whether ERK1/2 signaling plays a role in axotomy-induced long-term changes in the sensory neurons, neurons were treated with U0126, a specific inhibitor of mitogen-activated extracellular signal-regulated kinase (MEK) 1/2, the kinase that phosphorylates ERK1/2 (Davies et al. 2000) . The inhibitor (50 M in 0.1% DMSO) was perfused into a cell-culture dish 30 min prior to axotomy of some of the neurons; the drug was washed out after 2.5 h using normal cell culture medium containing hemolymph. Cell cultures in control experiments were treated identically with culture medium containing 0.1% DMSO with U0126. The Control neurons exhibited a significant increase in excitability from Day 1 to Day 2 (Fig. 6A) . The mean number of spikes elicited from Control neurons was 4.3 Ϯ 0.9 on Day 1 and 9.5 Ϯ 2.0 on Day 2 (n ϭ 17, P Ͻ 0.005). Neurons that were axotomized in the presence of U0126 also showed an increase in excitability (Fig. 6B) . The mean number of spikes elicited in Axotomized neurons was 4.4 Ϯ 0.7 on Day 1 and 16.6 Ϯ 2.4 on Day 2 (n ϭ 21, P Ͻ 0.0001). The increase in excitability in the Axotomized neurons was significantly greater than that in the Control neurons. The ⌬ e was 12.9 Ϯ 2.3 spikes for the Axotomized group and 5.2 Ϯ 1.5 spikes for the Control group (P Ͻ 0.05, one-tailed significance; Fig. 6C ). The enhancement of excitability induced by axotomy in the presence of U0126 was therefore similar to that we obtained when the inhibitor was not present (Fig. 1) . Thus MEK1/2 does not appear to contribute to the effect of axotomy on the excitability of Aplysia sensory neurons (see also .
In contrast to its lack of an effect on LTH-E, U0126 inhibited the morphological changes due to acute axonal in- 1 and 7.7 Ϯ 1.3 on Day 2 (P Ͻ 0.003, Fig. 7A ). Somewhat surprisingly, Axotomized neurons did not show significant changes in their structure from Day 1 to Day 2 when treated with U0126. The number of branches on the neurites of Axotomized cells was 5.5 Ϯ 0.9 on Day 1 and 6.3 Ϯ 1.0 on Day 2 (P Ͼ 0.3, Fig. 7B ). Although the Control sensory neurons exhibited a greater increase in neuritic branches than the Axotomized neurons in our U0126 experiments, the change in the number of branches [Day 2 Ϫ Day 1 (⌬ m )] between the two groups was not statistically significant. The ⌬ m was 3.4 Ϯ 0.9 branch points in the Control neurons and 0.9 Ϯ 1.0 branch points in the Axotomized neurons (P Ͼ 0.2, Fig. 7C ).
Because DMSO was present in the culture medium in the experiments involving Bis-I and U0126, we assessed the potential effects of this solvent on LTH-E and LTH-M in additional control experiments. In these experiments the cultures were treated with 0.1% DMSO in perfusion medium. Control neurons treated with DMSO exhibited an increase in excitability during the experiment. The number of spikes evoked in the Control neurons treated with DMSO was 5.2 Ϯ 1.7 on Day 1 and 9.2 Ϯ 2.3 on Day 2 (n ϭ 15, P Ͻ 0.03; Fig. 8A ). Following axotomy in the presence of DMSO, the excitability of sensory neurons also increased significantly (Fig. 8B) and 18.1 Ϯ 3.1 on Day 2 (n ϭ 18, P Ͻ 0.0001). The increase in the excitability in the Axotomized neurons was significantly greater than that in Control neurons: the ⌬ e for Axotomized neurons was 13.7 Ϯ 2.8 spikes, but only 4.0 Ϯ 1.5 spikes for the Control neurons (P Ͻ 0.03, Fig. 8C ). Therefore sensory neurons axotomized in the presence of DMSO exhibited LTH-E, just as when axotomy was performed in L-15 (Fig. 1) . Furthermore, axotomy in DMSO resulted in LTH-M in sensory neurons (Fig. 9, A and B) . There was an increase in the number of branches on the neurites of both Control and Axotomized sensory neurons from Day 1 to Day 2 (Controls: 4.3 Ϯ 1.0 branch points on Day 1 vs. 6.1 Ϯ 1.2 on Day 2, P Ͻ 0.01; Axotomized: 5.5 Ϯ 1.0 on Day 1 vs. 14.7 Ϯ 2.7 on Day 2, P Ͻ 0.004). However, the ⌬ m was significantly greater in the Axotomized neurons (9.2 Ϯ 2.7 branch points) than that in the Control neurons (1.7 Ϯ 0.5 branches, P Ͻ 0.005; Fig. 9C ). The electrophysiological and morphological results in our DMSO experiments substantially resemble those we have obtained in prior studies (Bedi and Glanzman 2001; Bedi et al. 1998) . Therefore DMSO, at the concentration used in our experiments, did not significantly alter the effects of axotomy on the excitability and morphology of sensory neurons.
D I S C U S S I O N
Different signaling pathways mediate the long-term effects of axotomy on neuronal excitability and structure
We have used a single-cell, in vitro system to investigate the signals that mediate injury-induced changes in neuronal excitability and morphology. Previously, we and others reported that axotomy produces LTH-E and LTH-M of Aplysia sensory neurons in vitro (Ambron et al. 1996; Bedi and Glanzman 2001; Bedi et al. 1998 ). Here, we have shown that the absence of hemolymph after axotomy, inhibition of Trk receptors, inhibition of PKC, and inhibition of MEK1/2 have disjunctive effects on the excitability and morphology of sensory neurons. Specifically, the absence of hemolymph blocked LTH-M, but not LTH-E; inhibition of Trk receptors reduced the overall excitability of sensory neurons, but stimulated hypermorphogenesis of the neurons in the absence of injury; inhibition of PKC blocked LTH-E, but did not affect LTH-M; and, finally, inhibition of MEK1/2 did not affect LTH-E, but blocked LTH-M. These results indicate that injury activates multiple intracellular signaling cascades within sensory neurons and that the cascades that mediate LTH-E are at least partly distinct from those that mediate LTH-M (Fig. 10) .
Damage to the mammalian nervous system stimulates the release of growth factors, which are important for the responses of neurons to injury, such as sprouting and regeneration (Brown et al. 1991; Wieloch and Nikolich 2006) . We found that Aplysia hemolymph, which contains as yet unidentified growth factors (Schacher and Proshansky 1983) , was required for the sprouting-like increase in the outgrowth of sensory neurons triggered by axotomy (Fig. 2) . However, the long-term hyperexcitability observed in sensory neurons after injury does not appear to require growth factors because it developed and was expressed in the absence of hemolymph ( Fig. 1 and Ambron et al. 1996) . One significant caveat to these conclusions is that we have no way of knowing the extent to which the washouts we used (METHODS) actually removed hemolymph-derived factors from the cell cultures. Such factors can bind to the substrate and some of them may have remained behind after washout. Nonetheless, the fact that we observed striking differences between axotomy-induced hyperexcitabil- The difference between the 2 groups was statistically significant, as indicated by the asterisk. Note that the results in DMSO resemble those that we have observed earlier in control culture medium without DMSO (Bedi and Glanzman 2001; Bedi et al. 1998). ity and axotomy-induced hypermorphologenesis with respect to the consequences of ostensible hemolymph removal indicates that the washouts must have eliminated at least some critical hemolymph-derived factor(s) from the cultures.
A puzzling result from the present study is that, although growth factors were not necessary for injury-induced LTH-E, the Trk inhibitor K252a blocked the induction of LTH-E (Fig.  3) . This result implies that injury can directly activate Trks in Aplysia sensory neurons, independently of growth factors. In support of this idea, ligand-independent activation of TrkA has been observed in nerve growth factor-deprived sympathetic neurons (Wang et al. 2005) . A Trk-like receptor has been identified and cloned from the Aplysia nervous system (Ormond et al. 2004 ). This receptor, ApTrkl, is expressed in Aplysia sensory neurons, but whether ApTrk1 can be directly activated by injury is not known.
Previous evidence indicates that, when the axons of sensory neurons are injured in vivo, PKG is activated at the site of injury; moreover, inhibitors of PKG can block axotomy-induced LTH-E in sensory neurons . Once activated, PKG stimulates gene transcription via activation of apMAPK , the Aplysia homologue of ERK2 (Michael et al. 1998) . Because LTH-E was unaffected by the MEK1/2 inhibitor U0126 (Fig. 6 ), LTH-E may involve direct activation of apMAPK by PKG (see ; however, the inhibition of injury-induced LTH-E by the Trk inhibitor K252a (Fig. 3) indicates that LTH-E requires additional signals. Possibly, Trk signaling and the PKG path- The difference between the 2 groups was statistically significant, as indicated by the asterisk. This pattern of results was like that observed in earlier experiments using culture medium without DMSO (Bedi and Glanzman 2001; Bedi et al. 1998). way interact in sensory neurons. A potential locus for such an interaction is the cell nucleus. Trk receptors can be retrogradely transported to the nucleus, where they phosphorylate the cyclic AMP response element binding protein (CREB; see following text) (Riccio et al. 1997 ). LTH-E may therefore involve Trk-dependent phosphorylation of CREB (Fig. 10A) . Another potential explanation for the blockade of LTH-E by K252a is an interaction between Trk and ERK/MAPK via PKC. We found that inhibition of PKC by Bis-I blocked LTH-E (Fig. 5) . This is consistent with previous evidence that 10 . Signaling pathways that mediate injury-induced, long-term cellular changes in sensory neurons. A: model for LTH-E following axotomy. Axonal injury causes activation of nitric oxide (NO) synthase, thereby leading to elevation of NO within the axon; enhanced levels of NO, in turn, activate the cyclic guanosine monophosphate (cGMP)-dependent protein kinase G (cGMP-PKG) pathway . PKG activates extracellular signal regulated kinase (ERK)1/2, which can then translocate to the nucleus to regulate gene expression ). In the case of LTH-E, ERK1/2 activation does not appear to result from MEK activity (Fig. 5) . In addition, axotomy also leads to stimulation of a Trk-dependent pathway, which also appears to be required for LTH-E (Fig. 3) . The injury-induced stimulation of the Trk-dependent pathway must be downstream of Trk receptors because growth factors are not required for LTH-E (Ambron et al. 1996; and Fig. 1 ). Trk receptors can also translocate to the nucleus and regulate gene expression (Riccio et al. 1997) . Influx of Ca 2ϩ after injury leads to activation of PKC (Fig. 5) , which can also interact with ERK1/2 (Kawasaki et al. 2004) . Ongoing activity in the Trk-dependent pathway is also required for noninjury-dependent excitability (Fig. 3) . Local protein synthesis (Weragoda and Walters 2007; Weragoda et al. 2004 ) may well contribute to LTH-E as well, but we do not yet know which proteins are locally synthesized due to injury. B: model for long-term hypermorphogenesis (LTH-M) following axotomy. Injury results in an influx of Ca 2ϩ , which activates adenylyl cyclase (AC), leading to synthesis of cAMP and activation of protein kinase A (PKA), which is required for the induction of LTH-M (Bedi et al. 1998) . PKA also modulates ERK1/2 (Sweatt 2004) , which can then translocate to the nucleus and regulate gene expression. In addition to its activation by PKA, ERK1/2 is also likely to be activated by MEK1/2 after injury (Zhao et al. 2007 ); MEK1/2-dependent activation of ERK1/2 is critical for injury-induced LTH-M (Fig. 7) . As well as MEK1/2 activity, injury-induced LTH-M depends on growth factors (Fig. 2) . The effect of growth factors on the morphology of sensory neurons is likely to depend on Trk receptors, particularly nork . Trk receptors may also stimulate activation of MEK1/2 (Chao 2003) . In addition, local protein synthesis and its products may contribute to the injury-induced morphological changes. Note that under normal conditions axonal injury leads to both LTH-E and LTH-M. Also, both phenomena appear to depend on gene expression, possibly involving CREB activity (Dash et al. 1998 ), but we do not know the specific genes that are involved in each of these long-term, injury-induced changes. Obviously, the patterns of gene activation that produce LTH-E must differ somewhat from those that produce LTH-M. The dashed lines in A and B represent hypothetical paths for which there is no evidence at present in Aplysia. activation of PKC via phorbol ester can produce a long-term enhancement of excitability that resembles the effect of axotomy (Manseau et al. 1998) . Furthermore, there is ample precedent for interactions between PKC and ERK/MAPK signaling in the nervous system (e.g., Kawasaki et al. 2004) .
The long-term structural changes induced by axotomy in our experiments clearly depend on MEK1/2 activity because they were blocked by U0126 (Fig. 7) . The finding that nerve injury activates apMAPK in sensory neurons provides additional support for the involvement of the ERK/MAPK signaling pathway in injury-induced structural changes in sensory neurons.
We observed that Control sensory neurons can exhibit significant increases in both excitability and neuritic outgrowth. This is apparent in the experiments involving DMSO (Figs. 8  and 9 ). We attribute the significant cellular changes in Control neurons to signals triggered by axonal injury during the original dissociation of the neurons from the CNS (also see Ambron et al. 1996; Bedi and Glanzman 2001; Bedi et al. 1998) . Because the morphological changes in Control neurons were not disrupted by U0126, MEK1/2 activity must not be required for this ongoing outgrowth in sensory neurons, as opposed to the acute outgrowth that occurs within 24 h after axotomy in vitro. This is interesting because it is the first specific molecular distinction we have discovered between the signaling pathways in sensory neurons that mediate the ongoing effects of dissociation-induced axonal injury and those induced by in vitro axotomy.
Results from studies of long-term memory in Aplysia suggest that the structural changes induced in sensory neurons by axotomy are mediated, in part, by CREB-dependent gene transcription. During long-term facilitation of sensorimotor synapses of Aplysia, produced by prolonged treatment with 5-HT, apMAPK translocates to the nucleus of sensory neurons (Martin et al. 1997) , where it phosphorylates CREB2, the inhibitory form of CREB (Bartsch et al. 1995) . Phosphorylation of CREB2 relieves the repression of CREB1, the transcriptional activator form of CREB, by CREB2 (Bartsch et al. 1998) . apMAPK also phosphorylates the CCAAT enhancerbinding protein (C/EBP), a transcription factor and one of the immediate-early genes downstream from CREB1 (Alberini et al. 1994; Michael et al. 1998) . Activation of CREB1 during long-term facilitation produces long-term morphological changes in Aplysia sensory neurons, including enhanced neuritic outgrowth (Bartsch et al. 1995; Casadio et al. 1999) , that mimic those observed after axotomy. Therefore CREB and C/EBP possibly play critical roles in the structural changes we observed in both Control and Axotomized sensory neurons. In support of this idea Dash et al. (1998) found that the binding of proteins to a CRE sequence-containing probe was increased after injury of the axons of Aplysia motor neurons and that both the number and length of new axon collaterals were enhanced in regenerating motor neurons following injection of a CRE sequence-containing plasmid. In addition to CRE-mediated gene expression, the axotomy-induced outgrowth may have been supported, in part, by utilization of preexisting proteins or, more likely, by local protein synthesis. Weragoda et al. (2004) reported that LTH-E of sensory axons of Aplysia, induced by either injury or local depolarization, requires local protein synthesis, and the same is likely to hold true for LTH-M (see also Schacher and Wu 2002; Villareal et al. 2007 ).
The stimulation of outgrowth produced by K252a (Fig. 4 ) in the present study is intriguing. The structural change in unaxotomized Control neurons treated with K252a was greater than that typically observed in Axotomized neurons in the absence of this drug (compare Glanzman 2001 and Fig. 9 in Bedi et al. 1998) . Axotomy plus K252a did not produce significantly greater outgrowth than that in the Control neurons treated with the drug. Therefore K252a appeared to occlude the effect of acute axonal injury, which indicates that the drug and axotomy both affect processes that regulate growth. How might K252a stimulate neurite outgrowth in sensory neurons? Hislop et al. (2004) identified a novel Trk (nork) in Aplysia that inhibits the outgrowth of Aplysia sensory neurons in culture when it is overexpressed in these neurons. Hislop et al. suggest that nork is normally involved in inhibiting neurite outgrowth in Aplysia. Possibly, the dramatic stimulatory action of K252a on sensory neuron outgrowth in our experiments was due to inhibition of nork.
We occasionally observed a disjunction between the results from our two measures of morphological change: axonal branch point number and axonal length. For example, K252a produced a highly significant increase in the number of axonal branch points in both Control and Axotomized sensory neurons (Fig. 4) ; however, there was no significant change in axonal length for the Control neurons and a significant decrease in axonal length for the Axotomized neurons (Table 2) . Similarly, whereas there was a significantly greater increase in the number of axonal branch points in Axotomized than in Control neurons in the presence of Bis-I, there was no apparent difference between Axotomized and Control neurons with respect to the change in axonal length (Table 3) . Smith and Skene (1997) showed that dorsal root ganglion (DRG) neurons in culture exhibit two different types of growth, which they refer to as "elongating" and "arborizing." These two patterns of growth in DRG neurons depend on different patterns of gene transcription. Our morphological results are consistent with the idea that axotomy and pharmacological inhibitors (e.g., K252a) may differentially affect arborizing and elongating patterns of growth in cultured Aplysia sensory neurons.
In summary, we have delineated distinct cellular pathways that regulate long-term electrophysiological and morphological changes in Aplysia sensory neurons following axotomy (Fig.  10) . Further elucidation of these pathways is likely to lead to general insights into the mechanisms of axonal regeneration. Such insights, in turn, may assist in the development of clinical treatments for injuries of the CNS, particularly spinal cord injury. 
